Butler University

Digital Commons @ Butler University
Undergraduate Honors Thesis Collection

Undergraduate Honors Thesis Collection

5-2022

Using NASA's TESS Mission to Search for Extremely Low Mass
White Dwarf Stars
Corinna Peña

Follow this and additional works at: https://digitalcommons.butler.edu/ugtheses
Part of the Stars, Interstellar Medium and the Galaxy Commons

BUTLER UNIVERSITY HONORS PROGRAM
Honors Thesis Certification
Please type all information in this section:

Applicant

Corinna Peña
(Name as it is to appear on diploma)

Thesis title

Using NASA’s TESS Mission to Search for Extremely Low-Mass
White Dwarf Stars

Intended date of commencement May 6, 2022

Read, approved, and signed by:
May 2, 2022

Thesis adviser(s)

Date
Date

May 2, 2022

Reader(s)

Date
Date

Certified by
Director, Honors Program

Date

Using NASA’s TESS Mission to Search for Extremely Low-Mass White Dwarf Stars

A Thesis
Presented to the Department of Astronomy and Astrophysics
College of Liberal Arts and Sciences
and
The Honors Program
of
Butler University

In Partial Fulfillment
of the Requirements for Graduation Honors

Corinna Peña
May 06, 2022

Draft version May 2, 2022
Typeset using LATEX manuscript style in AASTeX631

Using NASA’s TESS Mission to Search for Extremely Low Mass White Dwarf Stars
Corinna Pena1, 2
1

Maria Mitchell Association
2

Butler University

ABSTRACT
Extremely low-mass white dwarf stars (ELM) are white dwarf stars with a mass
lower than 0.45M

that could not have evolved through normal processes within the

lifetime of our universe. Therefore, these objects can only be created through a common
envelope phase or a stable Roche lobe overflow while in a binary (Pelisoli & Vos 2019).
These objects have periods between a few minutes to a few hours, so they are very short
lived which makes them very rare. My goal for this project was to find these ELM stars
by using NASA’s Transiting Exoplanet Survey Satellite (TESS) data. I analyzed this
data and did follow-up research using ZTF, SDSS, and my own observations. Through
my research, I was able to find 2 ELMs, 5 WD+dM binaries, and 4 cataclysmic variables.
These ELMs are sources of persistent gravitational waves that will be detectable by
future space-based missions.

1. INTRODUCTION

When most main sequence stars die, the result is a white dwarf star with a radius about the size
of the earth and a mass from 0.3 solar masses to 1.38 solar masses. This upper limit is very strict
and known as the Chandrasekhar mass limit (Mazzali et al. 2007). Many stars, however, have been
found to have a mass lower than 0.3 solar masses. This should not be possible as the main sequence
stars that could create a < 0.3 solar mass white dwarf star could not have not evolved into a white
dwarf in the time the universe has existed. Therefore, these extremely low mass white dwarf stars

2

Pena

(ELMs) were created through other manners. These stars are all created in binary star systems and
are caused by either a common-envelope phase or can also occur after a stable Roche lobe overflow
(Pelisoli & Vos 2019). Many may come from white dwarf and main sequence star binaries (WD+MS);
however, the most intriguing and rare are two white dwarf stars in a binary system (WD+WD). In
general, these stars have very short periods and are revolving around each other rapidly. Due to their
high densities and this rapid rotation, these binaries are candidates for gravitational wave detection
in the future. In the next decade, the Laser Interferometer Space Antenna (LISA) will be operational
and should be able to detect gravitational waves from these binary systems (Pelisoli & Vos 2019).
This will provide us with even more data on gravitational waves.
Thus far, there are approximately 140 confirmed ELMs, with very few being WD+WD binaries
(Pelisoli & Vos 2019). My goal is to find more of these objects. Using NASA’s Transiting Exoplanet
Survey Satellite (TESS), I was able to find many candidates for these ELMs (Stassun et al. 2018).
I did further data analysis and observations on numerous objects and determined that 2 could be
categorized as ELMs, 5 could be categorized as white dwarf and M-dwarf binaries, and 4 could be
categorized as cataclysmic variables.
In section 2, I discuss how I analyzed the TESS data and where I conducted my observations. In
section 3, I discuss my key figures and analyze my further research while going into detail about each
star. In section 4, I discuss our results holistically. I will also compare my work to the work of others
who have also studied these stars. In section 5, I summarize my findings and discuss what future
work could be involved for this project.
2. OBSERVATIONS/DATA

To begin searching for these ELM white dwarfs, I analyzed data using NASA’s Transiting Exoplanet
Survey Satellite (TESS). TESS surveyed the entire sky by breaking it up into 26 sectors. Each sector
is then stared at for at least 27 days (Stassun et al. 2018). I looked further at the stars which TESS
looked at on a 30-minute cadence that have potential to be ELM white dwarfs. To deduce which
objects might be of interest, I analyzed quick look plots which uses the data provided by TESS to
give an HR-diagram, Lomb-Scargle periodograms, light curves, folded light curves, and the period of
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each star given. The code to develop these quick look plots was graciously created by Ingrid Pelisoli.
The objects I found to be most intriguing were TIC 1860468684, TIC 147686905, TIC 137841673,
and TIC 1717486585.
On top of the 30-minute cadence objects, I also looked at the quick-look plots of some 2-minute
cadence objects also taken by TESS. This quick look plot was made from a python program. In this
program, it reads in a TIC ID and downloads all the data for the star. It then does photometry
for the star on all sectors that TESS observed the star. It then gets the coordinates from the data
and cross references the coordinates with Gaia to get the best match object. To create the light
curves and periodograms, it uses the program: lightkurve. One of the objects from these that we
found to be very interesting was TIC 378898110. An object 14 arcseconds away from it has an x-ray
source coming from it. However, the error is about 20 arcseconds, therefore, it is possible that the
x-ray source is coming from TIC 378898110. Unfortunately, this object is only visible in the southern
hemisphere. Due to lack of access to telescopes in the southern hemisphere, I was unable to observe
it directly.
Since all of the 30-minute cadence data is from TESS cycle 2, which is taken entirely in the northern
hemisphere, I was able to do observations of some of our objects of interest to get further information
about these stars. I used three telescopes to conduct these observations. I used the 24” Cassegrain
reflecting telescope located at the Loines Observatory in Nantucket, Massachusetts. Secondly, I used
a 1 meter telescope located in the Roque de los Muchachos Observatory in the Canary Islands, Spain.
Finally, I used the 4.2 meter telescope at the Lowell Observatory in Flagsta↵, Arizona. I would like
further data through observations for two reasons. First, TESS has a very large frame of view.
Because of that, many of my objects were very crowded and could potentially be receiving light from
other objects. By using my own observations, I can use a much smaller frame of view and get rid of
the light from some of the other stars. Also, all of the images observed in the northern hemisphere
use 30-minute cadences. This is quite a long cadence and can cause the light curve to lose some
important aspects of itself. With my own observing time, I can use smaller cadences to see a more
detailed light curve that may reveal information that the 30-minute cadences missed.
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3. ANALYSIS

The TESS mission has taken images of approximately 4.73 x 108 objects (Stassun et al. 2018). To
narrow down this list, I focused on over luminous white dwarf stars, as these are most likely to be
ELMs. I then looked at quick-look plots for these approximately 800 images and decided to focus
on 11 which I deemed most interesting, and 9 could also be viewed through the telescopes I had
available. Using TESS light curves, our own observations, and other various methods, I was able to
determine a lot about these mostly unknown objects.
3.1. White Dwarf + M Dwarf Binaries
After a white dwarf is formed, it is common for it to come into a binary with an M dwarf (Heller
et al. 2009). These binary systems are generally good candidates for cataclysmic variables. They
also may lead to type Ia supernovae should the mass exchange push over the Chandrasekhar Limit
(Heller et al. 2009). Since white dwarfs and M dwarfs are so di↵erent in composition, a binary of
this type can be determined, in one way, by comparing light curves of the same object in di↵erent
wavelengths.
3.1.1. TIC 1860468684
I did follow-up research on this object by using data from the Zwicky Transient Facility (ZTF)
(Masci et al. 2018). From the data, I extracted folded light curves using a python notebook created
by Zachary Vanderbosch. Deep, nearly total eclipses can be seen from this object in Figure 1. In the
g magnitude data, it is clear that the eclipses are deeper and the overall amplitude is smaller. This
suggests that the white dwarf is contributing more light. This white dwarf is most likely in a binary
with an M dwarf as the r data is shallower and has a larger amplitude than the g data. Furthermore,
due to the high amount of reflection in the r-band, it can be suggested that this object is a WD +
dM (white dwarf + M dwarf) binary with a hot white dwarf. This binary system has a fairly rapid
period of 3.59 hours with a G magnitude of 15.6.
3.1.2. TIC 147686905
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Figure 1. This light curve of TIC 1860468684 was developed using ZTF data (Masci et al. 2018). This
graph makes it apparent that this object truly is a WD+dM binary. In these binaries, the white dwarf
contributes more light. Thus, the g-data shows deeper eclipses as well as a smaller amplitude

To do follow-up on this object, I used ZTF data to make a light curve, as well as found the spectra
given by the Sloan Digital Sky Survey (SDSS) given in Figure 2 (Masci et al. 2018)(Blanton et al.
2017). With a period of 15.88 hours and a g magnitude of 16.8, I classified this object as a deeply
eclipsing WD + dM binary. In the spectra, the white dwarf lines are prominent in the shorter
wavelengths with some aspects of M-dwarf spectra taking over in the longer wavelengths.
3.1.3. TIC 137841673
This is a known eclipsing system with a period of 22.33 hours. To do any follow up research on this
object, I wanted to see the transit. Therefore, I created a program to predict when the next eclipse
would occur, as one would not occur every night. Unfortunately, the time when the eclipses would
occur did not align with my observation nights. However, using TESS data as well as information
about the object from (Ashley et al. 2019), I was able to determine that this object was a WD+dM
binary system.
3.1.4. TIC 1101900758
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Figure 2. This spectra of TIC 14768905 given by SDSS further gives us evidence that this object is a
WD+dM binary system with prominent H , H , and H absorption lines in the shorter wavelengths and
more metallic absorption lines in the longer wavelengths(Blanton et al. 2017).

This 2.65 hour period object was also determined to be a WD+dM binary due to its spectra and
due to information from the Montreal White Dwarf Database (Blanton et al. 2017). The M-dwarf is
orbiting a low-mass white dwarf star, which is evident from the Balmer lines on the spectra found in
Figure 3.
3.1.5. TIC 417152818
Through use of the ZTF light curves and SDSS spectra, I was able to classify this object as a
WD+dM binary system (Blanton et al. 2017)(Masci et al. 2018). While the light curve was useful,
it was the spectra that helped confirm our thoughts in figure 4. As white dwarfs are much brighter
in shorter wavelengths, the white dwarf spectra was apparent until about 6000 Angstroms. H , H ,
and H absorption lines are very prominent and are clear signs of a white dwarf star. As M-dwarfs
are very prominent in the near infrared, the spectra for the M dwarf in this binary takes over at
wavelengths greater than 6000 angstroms. The metal absorption lines make it very clear that the
white dwarf is accompanied by a M-dwarf. Furthermore, this system is found to be eclipsing, as is
shown in figure 5. The TESS period also seemed to be o↵, as the quick looks were giving me the
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period for the second harmonic instead of the first. Modifying the ZTF light curve led us to find the
actual period of the object, which is 5.962 hours.

Figure 3. This spectra of TIC 1101900758 from SDSS which shows signs that this object is a WD+dM
binary (Blanton et al. 2017). When the Balmer lines are fit with models, I found that this is a low-mass,
hot white dwarf star of about 28560 K and 0.41 M .

3.2. Cataclysmic Variables
A second binary interaction with a white dwarf star will create a cataclysmic variable (CV). A
CV involves a white dwarf star in close binary with a late main sequence star. As they are so close
together, the gravity of the white dwarf star will distort the main sequence star. As a result, the
white dwarf star will accrete matter from the main sequence star. Due to the gravity distortions, a
”hot spot” is formed in the accretion disk which causes irregular, large increases in brightness before
dropping back down (Szkody et al. 2021). Prominent hydrogen Balmer or helium emission lines in
the spectra are key indications that an object is a CV.
3.2.1. TIC 18273963
This 3.556 hour period object was found to be a CV based on its light curve which can be found
in figure 6. It can be seen that the egress does not match the ingress. In other words, the fluxes
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Figure 4. This spectra of TIC 417152818 was developed using SDSS (Blanton et al. 2017). This gives
further confirmation of our classification of this object as a WD+dM binary. The white dwarf absorption
lines are apparent in the shorter wavelengths. Similarly, in the longer wavelengths, a typical M-dwarf spectra
is seen.

are di↵erent at these points. This irregularity happens when the accretion disk is causing the eclipse
(Szkody et al. 2021). Based on this evidence and its location in an HR-diagram, it becomes evident
that this object is a cataclysmic variable.
3.2.2. TIC 236868718
This object has a short period of 1.01 hours. From Vizier, it is has been determined that it is
an X-Ray source. Therefore, it is an interacting WD+dM binary where the white dwarf is highly
magnetic. Because it is so highly interacting, the red dwarf has begun to shed its outer layers onto
the white dwarf and an accretion disk has formed. Due to this evolution, it can be determined that
this object is a cataclysmic variable.
3.2.3. TIC 274852575
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Figure 5. This light curve of TIC 417152818 was developed using ZTF data (Masci et al. 2018). This
confirms my suspicions that this object is in fact eclipsing. The g-data is overpowered by the white dwarf,
which is brighter in g-mag. Because of this, it loses a lot of light during the eclipse.

Figure 6. This light curve of TIC 18273963 developed with ZTF data gives evidence of a CV as the
accretion disk is what is causing the eclipse (Masci et al. 2018).

This object I have found to most likely be a cataclysmic variable. The raw light curve shown
in figure 7 shows random increases then immediate decreases in brightness. This evidence and the
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placement on the TESS HR-diagram give us the most likely scenario that this is a cataclysmic variable
star.

Figure 7. This light curve of TIC 274852575 gives evidence that this object is a CV. The flux consistently go
up to above 1.00 which shows evidence that a hot spot has formed in the accretion disk and it is brightening
and dimming.

3.2.4. TIC 425295192
Combining the use of tools such as TESS and AAVSO, this object has been determined to be most
likely a cataclysmic variable. There have been some major outbursts found through observations in
ZTF which have led me to this conclusion (Masci et al. 2018).
3.3. WD+WD Binaries
A white dwarf + white dwarf binary system is an extremely rare system, but an extremely important
system to find for future gravitational wave research. These objects are extremely rare and decay
in a Hubble time on average. Once they get into a binary, the more massive white dwarf will take
matter from the less massive white dwarf, creating an ELM. Soon after, the ELM will collapse into
the more massive white dwarf star creating either a more massive white dwarf star or a Type Ia
supernova (Pelisoli & Vos 2019).
3.3.1. TIC 378898110
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This object is my best candidate for an extremely low-mass white dwarf star. The light curve shows
pulsations which are a key sign of an ELM and can be seen in Figure 8 From the TESS data, it was
found to be a pulsating white dwarf star. Unfortunately, it was located in the Southern Hemisphere,
where I did not have the resources to do follow up research. If given the opportunity, I would love
to do follow-up research and acquire spectra and light curves to give us further confirmation if this
is an ELM.

Figure 8. This is a light curve of TIC 378898110 which is a pulsating WD+WD binary. The pulsations
are evident as the flux will increase then decrease rapidly in the period

3.3.2. TIC 631238061
This object was recently discovered to be a WD+WD binary near the time I started my research.
It is moving at an extremely rapid pace with a period of only 47 minutes. Furthermore, this system
was found to be eclipsing with about a 20% loss of light in the primary eclipse. Although I would
have liked to get further research on this object, it was located in the southern hemisphere, where I
do not have any resources. I was able to acquire an additional multi-band light curve, as is seen in
figure 9 which was taken with ULTRACAM (Dhillon et al. 2007). Due to this object’s short period,
it will be a strong candidate to search for gravitational waves with LISA.
4. RESULTS

I have been able to narrow down millions of stars in TESS’s database into 13 relatively unknown
candidates for extremely low-mass white dwarf stars. Through further analysis using ZTF, SDSS,

12

Pena

Figure 9. This is a multi-band light curve of TIC 378898110 which is a WD+WD binary with an ELM
present in the binary system. The light goes from near UV to visual to near IR

and my own observations, I was able to determine that 2 objects were ELMs, 5 were WD+dM binary
systems, and 4 were CVs. A full table of our results including RA, dec, magnitude, and period can
be found in table 1.
Although I tried to focus on relatively unknown candidates from TESS, there were a few which
others had done research on before. One which had been determined to be an ELM shortly before
my research was TIC 631238061, although a paper has not yet been released confirming the findings.
A multiband light curve was taken which can be seen in Figure 9 (Dhillon et al. 2007). Since it was
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eclipsing, the mass could be determined from this equation:
m1 + m2 =

P
(v1r + v2r )3
2⇡G

(1)

with the period and velocity being determined from the light curve.
A paper that was placed into the arxiv on August 9, 2021, when I was finishing up our research, was
also researching TIC 1860468684. They found nearly identical results as me with the object being
a WD+dM with a period of 3.58 hours (El-Badry et al. 2021). TIC 137841673 was also previously
researched and prior to my research, had been confirmed to be an eclipsing binary with a period of
0.931 days and the primary eclipse lasting 35 minutes (Ashley et al. 2019). Similarly to my research,
they had also identified this object as a WD+dM binary system.
Finally, there was prior research done for TIC 147686905; however, their results were inconclusive
for this object (Rebassa-Mansergas et al. 2013). Even though they had not identified this object, I
was able to use some of the data they collected and mixed it with the data we found with TESS and
SDSS to make the conclusion that this object was a WD+dM binary system.
5. DISCUSSION/SUMMARY

Through the TESS data, ZTF data, and SDSS spectra, I was able to classify a large number of
stars, even finding one ELM and a great candidate for a second ELM, which I would like to conduct
further research on. These ELM stars evolve only from being in close binary systems, generally with
another white dwarf star (Pelisoli & Vos 2019). These objects have extremely short periods due to
their closeness and thus, are very rare and decay within a Hubble time.
Although these objects are rare, they are important to find as they are great candidates to detect
gravitational waves with future missions. Gravitational waves are created by anything with velocity;
however, most objects produce such small gravitational waves that they cannot be detected. Because
WD+WD binaries are such a violent and energetic event, they produce the correct amount of frequency to be detected with the Laser Interferometer Space Antenna (LISA) in the future. Since they
are so rare, I would also like to know more about how common these objects are in our galaxy. This
question may be harder to solve, as they are so difficult to find due to their size and mass. Their low
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Table of Classifications
TIC ID

RA(J2000)

Dec(J2000)

1860468684 19 20 14.12

+27 22 18.3

15.6

3.59

WD+dM

147686905

12 39 02.92

+65 49 34.6

16.8

15.88

WD+dM

137841673

15 06 05.43

+54 28 18.6

16.0

22.33

WD+dM

1717486585 19 01 51.48

+54 38 53.3

17.4

4.59

Unknown

17 40 14.15

+30 03 15.0

17.4

3.56

CV

2047391052 22 56 40.10

+56 48 44.1

17.1

1.54

Unknown

20 11 16.84 +60 04 28.17

17.37

1.01

CV

1101900758 15 13 43.51 +44 34 36.25

17.4

2.65

WD+dM

417152818

13 48 41.63 +18 34 10.57

16.8

5.96

WD+dM

274852575

22 19 10.67 +35 45 49.50

17.0

3.86

CV

425295192

18 50 13.37 +24 22 20.01

17.4

2.70

CV

631238061

02 25 58.21

-69 20 25.38

16.4

0.2

WD+WD

378898110

12 03 38.69

-60 22 47.98

14.3

0.38

WD+WD

18273963

236868718

G(mag) Period(hr) Classification

Table 1. Results of both my 30-minute candidates and my 2-minute candidates.

mass may cause them to be crowded out by other larger stars. To give myself a greater opportunity
to discover these objects, I looked for over-luminous white dwarf stars, as white dwarf stars have an
inverse mass-radius relationship. Therefore, these stars will generally have a much larger radii than
a normal white dwarf star (Pelisoli & Vos 2019).
Future work may involve using resources in the southern hemisphere to look at the two minute
objects of interest that are located in the southern hemisphere. I had many great candidates, but
to confirm that they are indeed ELMs, I need more, less crowded light curves, as well as spectra.
Other future work may involve using the Laser Interferometer Space Antenna (LISA) to look further
at these objects. This device is not being put into use until sometime in the early 2030’s, but it will
be great at detecting gravitational waves in these white dwarf + white dwarf binaries. Gravitational
wave research is incredibly important as it gives us a new medium to look at the universe in.
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